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Introduction
Only 38 % of solar energy reaching the Earth's surface is in the form of visible light.
The remaining 62 % is composed mainly of lower energy near infrared radiation (53 %) and a small proportion of higher energy ultraviolet radiation (~9 %). Considerable effort has been directed to the development of pigments or additives that reflect UV light or protect coatings against UV damage [1] , [2] . Near-infrared light makes no contribution to the visible appearance (colour) of a material, however, absorption of NIR radiation does result in heat gain. For many buildings the amount of heat gained from NIR light, over the course of a day, can be substantial and generally the only means to combat this is through costly conventional insulation. However, the development of pigments that have a low NIR absorbance (i.e. a high NIR reflectance) and can be applied to the exterior of buildings, might provide a low cost alternative for prevention of heat "build-up."
The electronic properties of perylene based compounds ( Fig. 1a ) have made them suitable for a wide variety of applications including, electro-photographic photoreceptors, light-emitting diodes, field-effect transistors, solar cells and other optoelectronic photonic devices [3] . The key to the optoelectronic characteristics of perylene is the conjugated πsystem of the polycyclic aromatic structure (Fig. 1a) . A considerable amount of research into perylene compounds has focussed on either tuning the absorption of the molecules to specific bands, increasing the range of frequencies absorbed or in controlling the electron transport for organic based electronics. However, perylene dyes also have a number of properties that make them suitable for incorporation into coatings including, high thermal stability, high tinctorial strength, good weather stability and good photo-stability.
Derivatization of perylene can be used to influence both structural and electronic properties of the ring system and can therefore be used to change the optoelectronic and reflectance properties. One of the principal derivatives of perylene is perylene-3,4:9,10tetracarboxylic dianhydride (PTCA) [4] [5] [6] (Fig. 1b ) which can be further modified by introduction of substituents into the bay region at positions 1, 6, 7 and 12. Alternatively, PTCA M A N U S C R I P T
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3 can be converted into perylene-3,4:9,10-tetracarboxylic diimide (PDI) (Fig. 1c ) by reaction with primary amines which enables introduction of substituents at the N-atom of the resulting diimides [7] .
A wide range of experimental and theoretical studies have explored the synthesis and applications of perylene compounds. For example Würthner et al. [8] carried out a detailed study of bromination of PTCA and subsequent imidization, identifying issues relating to the regioselectivity of these reactions. Through a careful purification process they were able to isolate pure 1,7-dibromoperylene bisimide and then to proceed to synthesise 1,7-difunctionalised PDIs with a range of interesting properties. Pichierri [9] used density functional theory to investigate the effects of electron-donating and electron-withdrawing substituents on the electronic properties of PDI, for potential application as organic semiconductors. Schmidt et al. [10] subsequently reported the synthesis of a range of PDI derivatives with halide substituents in the bay region (positions 1, 6, 7 and 12) and fluorinated imide substituents. The influence of the substituents on the electronic properties of the compounds was characterised by cyclic voltammetry and several compounds were identified as suitable to act as n-channel transistors. Complementary to this work, Chai et al.
[11] carried out a DFT study of electronwithdrawing substituent effects on the properties of perylene bisimide derivatives and found important trends for tuning the geometry of these molecules, to achieve high performance as semiconductors.
Liang et al. [12] used density functional theory to further explore the structures and spectra of 1,7-functionlised PDI derivatives and found good consistency between theory and experiment for UV/Vis and IR spectra. They noted that the twisting of the perylene core, induced by side groups, depends mainly on the linking atoms and can have a significant effect on the electronic absorption spectra. A subsequent experimental study [13] of PDI with cyclic amino side groups revealed, that even small differences in molecular structure can have significant effects of the absorption characteristics and electrochemical properties.
Interestingly, Dinçalp et al. [14] found that unsymmetrical substitution with electron donating M A N U S C R I P T
4 groups led to a broad absorption band in the NIR region offering the potential for incorporation in dye sensitised solar cells. In comparison, our recent experimental study [15] , of a series of perylene derivatives dispersed in polypropylene revealed interesting properties in the NIR region including significant variation in the levels of NIR-reflectance. The purpose of this study is to combine experimental NIR measurements with detailed theoretical characterisation, to account for the observed trends in reflectance for this series of molecules.
2.
Experimental and Computational Procedures.
Experimental NIR Reflectance Measurements
All PDI derivatives in this study were prepared as reported previously [15] . All pigments were dispersed in polypropylene (PP) using a 9000 Rheocord HAAKE mixer. NIR reflectance measurements of all the pigments dispersed in PP were performed on a Varian CARY 500 scan UV/VIS-NIR spectrophotometer, equipped with a "Praying Mantis" diffuse reflectance accessory (DRA). The PP samples containing dispersed pigments were moulded into rectangular sheets of uniform size and thickness and then cut into circular shapes with diameters equal to that of the standard sample holder. All of the samples had the same size, shape and thickness which eliminated errors resulting from these variables. The diffuse reflectance of different films was measured in the wavelength region 700 -2500 nm using the standard sampling cup. The reflectance was measured as relative reflectance, which is defined as the ratio of flux reflected by a specimen to the flux reflected by a reference surface. PTFE (Teflon) powder of 1-mm particle size obtained from Sigma-Aldrich was used as the reference, as described elsewhere [17] .
Computational Procedures
Standard density functional theory calculations were performed using the GAUSSIAN03 [16] and GAUSSIAN09 [17] computer program. The B3LYP functional has been successfully applied in previous studies investigating the structures, electronic properties and spectral characteristics of dye compounds [9] , [12] , [18] , [19] . Therefore, optimized geometries were obtained for all species at the B3LYP/3-21G(d) and B3LYP/6-31G(d) levels of theory.
Vibrational frequencies were used to characterize each stationary point as a local minimum (no imaginary frequencies).
Three key intramolecular distances have previously been defined to characterise the structures of perylene derivatives (Fig. 2 ) [9] , [20] . The D XX value is defined as the distance between the central atoms of the 3,4-functional group and the 9,10-functional group, the D OO is defined as the distance between the oxygen atoms of the carbonyl groups at the 3-and 10-positions and the d OO value is defined as the distance between the oxygen atoms of the carbonyl groups at the 3-and 4-positions. These three structural values are related to the degree of aromatisation in the system and are sensitive to changes in the level of π-conjugation, as a result of different substituents [20] . Extended tables of structural parameters and atomic charges can be found in Tables S1 and S2 of the Supplementary Data, respectively.
Results and Discussion
Derivatives of perylene-3,4:9,10-tetracarboxylic diimide (PDI) with N-hexanol (PDI-C 6 OH), N-ethylmorpholine (PDI-C 2 morph), and N-para-phenol (PDI-C 6 H 4 OH) substituents have been found to exhibit interesting near-infrared characteristics [15] . Plots of the relative NIR reflectance of these PDI derivatives in polypropylene films are depicted in Figure 3 . Also included are analogous reflectance measurements of perylene (PR) and the closely related perylene-3,4:9,10-tetracarboxylic dianhydride (PTCA) as well as the background reflectance measurement of a pure polypropylene (PP) film. The polypropylene film has strong absorptions at 5780 cm -1 , 7780 cm -1 and 9250 cm -1 which are evident in all systems.
Nevertheless, it is clear from these plots that addition of the perylene derivatives to the PP matrix leads to a significant increase in relative reflectance of the films i.e. a significant decrease on the overall level of absorption. However, within this group of pigmented films there are significant variations. For example, the relative reflectance values range from 38 to 108 at 10240 cm -1 (980 nm) and 20 to 65 at 6000 cm -1 (1665 nm). As noted previously, [15] the PDI-C 6 OH pigment is black in appearance but exhibits significantly greater reflectance than carbon black at 10,000 cm -1 . N,N'-Bis(2,6-diisopropylphenyl)-1,6,7,12-tetraphenoxyperylene-3,4:9,10-tetracarboxdiimide (LG) is a well-known NIR pigment, that is also based on a PDI core. However, it differs from the PDI based molecules of our current study in that it contains phenoxy substituents at the 1, 6, 7 and 12 positions, in the bay region of the perylene. For comparison, we have measured the NIR-reflectance of LG ( Fig. 3 ) and found that it exhibits similar performance to PDI-C 6 OH and PDI-C 6 H 4 OH in the 6000 -8500 cm -1 range. At frequencies below this range, the reflectance of LG is slightly lower than PDI-C 6 OH and PDI-C 6 H 4 OH. In comparison at frequencies above 9000 cm -1 , the relative reflectance drops off significantly compared to all of the PDI-based molecules. Surprisingly PTCA exhibits greater reflectance than LG or any of the substituted PDI pigments at all but the lowest frequencies. In Clearly, the different substituents have a significant effect on the reflectance/absorbance properties of the polypropylene films. By studying this series of molecules it should be possible to identify some general features that can be used to understand the NIR reflectance/absorbance of this class of materials.
The specular reflectance of a material is dependent on the refractive index and consequently on the electronic structure of the material. Therefore, variations in NIRreflectance of these perylene based pigments could be the result of substituent effects, leading to a shift of electronic absorption maxima to/from the near-infrared region. Generally the compounds considered in this study give similar UV/Vis spectra comprised of three main peaks ( Fig. 4 ). However, within this group of compounds there are subtle differences that can be related to the structural and electronic properties of the individual molecules.
The position of the first peak in the electronic spectrum of pristine perylene (PR) is calculated to occur at 429 nm in excellent agreement with the experimental value (430 nm), obtained in an N 2 matrix at 20 K [22] . This peak arises from a singlet transition from the HOMO to the LUMO. The HOMO of perylene is in fact a set of doubly degenerate π bonding orbitals located on the central bonds of the naphthalene subunits of the molecule (Fig. 5a ).
Likewise, the LUMO of perylene is composed of a set of doubly degenerate π* antibonding orbitals located on the same bonds. The energy gap (E H-L ) between the frontier orbitals of perylene is 3.06 eV, providing a first approximation of the excitation energy, which plays an important role in determining the optical and electronic properties of the molecule. The second and third peaks, located at 253 nm and 189 nm, correspond to a complex set of excitations
involving transitions from a set of fourfold degenerate sub-HOMO π orbitals to a set of degenerate post-LUMO π * orbitals, all of which are located in the bay region.
Derivatisation of perylene to PTCA leads to a decrease in E H-L and a corresponding shift of all three peaks to longer wavelengths (Fig, 4a , Table 1 ). Similarly, conversion of PTCA to PDI leads to a further shift of the first and third peaks to longer wavelength but a slight shift of the second peak to shorter wavelength.The first peak of PDI is calculated to occur at 506 nm which is in satisfactory agreement with the experimental value (524 nm) in DMSO. However, we note that solvent effects can be significant for this class of compounds [23] . The peaks for PTCA and PDI arise from a similar set of electronic transitions, as noted for perylene [24] .
However, the π-aromatic system of these molecules has been substantially extended to include the carbonyl groups of the anhydride and diimide groups, respectively, as can be seen from the HOMO and LUMO projections (Fig 5b) . Nevertheless, these absorptions remain outside the NIR-region.
Several studies have looked at correlations between structural parameters, such as the length of the π-aromatic system (D XX ) and absorption characteristics of organic pigment molecules. Pschirer et al. [20] were able to correlate the maximum absorption in the UV/Vis region with the inverse squared length of the π-aromatic system and achieved a large bathochromic shift of the absorption maximum, by increasing the degree of annulation i.e. adding rylene units. Pristine perylene has a planar highly symmetric structure with bond lengths characteristic of aromatic rings. Likewise, the two key derivatives of perylene, PTCA and PDI, also have planar structures [12] and the introduction of the anhydride or diimide functionality leads to only modest changes in the bonding of the perylene core [25] . However, as noted above, the anhydride and diimide functionalities significantly increase the length of the π-aromatic system which leads to the observed bathochromic shift in the UV/Vis absorption spectra. The D XX values (11.373 Å and 11.333 Å, respectively) for these two molecules are very similar which corresponds with the similarity in the position of the first peak in the UV/Vis spectrum. Likewise, the E H-L values of PTCA and PDI are very similar but
substantially smaller than E H-L for perylene, which is again consistent with the position of the first peaks in the UV/Vis spectra. These results also demonstrate that a significant lowering of the HOMO-LUMO gap could lead to increased NIR-absorption [3] , [26] .
The PDI molecule can be further derivatized via the introduction of substituents to the nitrogen atoms of the imides. The N-hexanol substituent (PDI-C 6 OH) leads to a slight decrease in E H-L , which corresponds with a shift of the first peak to slightly longer wavelength (Fig. 4b ).
The second peak is also shifted to longer wavelength, while the third peak is observed to move to shorter wavelength upon substitution. Table 1 also includes data for the N-butanol (PDI- and the observed shifts in UV/Vis absorption maxima or NIR reflectance.
Han and co-workers [27] [28] [29] [30] have shown that intermolecular interactions can have a significant effect on the photophysical and photochemical properties of chromophores. Hbonding to a range of chromophores is found to be significantly strengthened upon photoexcitation and has a significant effect on absorption and fluorescence spectra.
Consequently, we have investigated the effect of H-bonding on the UV/Vis absorption spectra of selected perylene pigments. In particular, we have calculated the absorption spectra of PDI with a water molecule coordinated to the diimide group and found no change in the position of the first peak but a slight shift to longer wavelength (~ 4 nm) for the second peak and a shift to shorter wavelength for the third peak (~ 9 nm). Similarly, we investigated the effects of water coordination to both the carbonyl oxygen and the bridging oxygen of the anhydride groups and found that there is only a very slight shift of the first peak to longer wavelength (~ 4 nm) and
no change at all for the second and third peaks. Therefore, unlike coumarin and fluoenone, [30] which are carbonyl chromophores, PDI and PTCA are relatively unaffected by intermolecular H-bonding.
In a similar context, we have investigated the effects of solvation through the application of a self-consistent reaction field (SCRF) with a dielectric constant of ε = 78.3553,
which is appropriate for modelling water. In the case of PDI, the first peak in the electronic spectrum exhibits a shift to longer wavelength (~ 18 nm) but as for the explicit H-bonding interactions discussed above, this is insufficient to impact on absorbance in the NIR. We note that the second peak exhibits a similar shift to longer wavelength but that the third peak is unaffected. The PTCA pigment exhibits very similar behaviour in the presence of the water SCRF.
The energies of the frontier orbitals of PTCA and PDI based molecules show Figure   5c reveals that the HOMO of PDI-C 2 morph is located on the substituent rather than the perylene core and is significantly raised in energy, which should lead to a decrease in excitation energy. However, the first peak remains in essentially the same position because this still corresponds to excitation from the π bonding orbital to the π* anti-bonding orbital of the PDI. In comparison, peaks 2 and 3 are moved to longer wavelengths compared to the other alkyl substituted PDIs, due to the influence of the morpholine group. In particular, the peak at 343 nm is largely due to a singlet excitation from the HOMO, located on morpholine, to a post-LUMO orbital located on the PDI. However, there are also contributions from excitations of lower energy occupied orbitals delocalised across the PDI and ethyl groups to the LUMO.
Likewise, the peak at 255 nm involves singlet excitations from occupied orbitals on M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
12 morpholine to unoccupied orbitals centred on the PDI. Pichierri [9] noted that PDIs with Nmethyl-pyridyl cation and N-p-phenylazophenyl substituents also have HOMOs located on the substituents and exhibit small E H-L values and we suggest that these compounds might therefore exhibit similar features in their UV/Vis spectra.
The para-OH group of PDI-C 6 H 4 OH appears to have a slight inductive effect, with the first and second peaks moving to slightly longer wavelengths compared to PDI-C 6 H 5 . The third peak shows the largest move to longer wavelength because it largely arises from excitations of either occupied orbitals delocalised across the phenol groups to unoccupied orbitals of the PDI or, alternatively, from occupied PDI orbitals to unoccupied orbitals delocalised across the phenol groups. However, once again these variations in UV/Vis peak positions are insufficient to account for the observed trends in reflectance.
NIR absorption can also arise from overtones and combinations of fundamental IR vibrations. Simulated IR spectra for selected molecules are shown in Figure 6 . For PDI-C 6 OH, PDI-C 4 OH and PDI-C 2 OH, an additional low intensity absorption at ~3750 cm -1 corresponds to the O-H stretch of the terminal alcohols. PDI-C 2 morph also has a collection of alkyl C-H absorptions but not the O-H stretch. In PDI-C 6 H 4 OH the most intense new peak in the high frequency region is due to the phenolic OH stretch (3752 cm -1 ). However, there are also a collection of low-intensity aromatic C-H stretches (3175 -3240 cm -1 ). In the case of LG, there are vibrations arising from both the alkyl and aromatic C-H bonds and these lead to a significant cluster of peaks in the high frequency region, that are more intense than those observed for PDI-C 6 H 4 OH or PDI-C 6 OH.
Overtones of the high-frequency fundamental vibrations (C-H, O-H and N-H) make the most significant contribution to absorption in the NIR region [32] . Likewise, combinations of these high-frequency fundamental vibrations also extend into the NIR region. Therefore, we focus primarily on these high frequency modes to gain a better understanding of the NIRreflectance/absorbance characteristics of these selected pigments. Vibrational overtone and combination bands occur as a result of anharmonicity, which arises from the fact that the potential energy of bonds in real molecules is better described by Morse functions, than the idealised quadratic functions of the harmonic oscillator [32] . Anharmonicity also arises from the fact that there is a non-linear relationship between the dipole moment of a bond and the displacement of the bonded atoms during a vibration [32] . Generally anharmonicity leads to a lowering of the frequency of the fundamental vibrations, overtones and combination modes. Consequently, the atomic masses and bond strengths of the functional groups in a molecule have a significant impact on the positions and intensities of NIR bands. Table 3 includes data on force constants and effective masses associated with the high frequency vibrations of the selected PDI derivatives.
Comparison of PDI-C 6 OH with PDI-C 6 H 4 OH reveals that the force constants for the high frequency aromatic C-H vibrations are higher than the force constants for alkyl C-H stretches, which leads to a significant difference in the intensities of the absorption bands of the Introduction of both N-alkyl and N-aryl substituents to PDI has only a minor effect on the charges of the diimide groups, while the perylene core remains largely unchanged.
Therefore, the conformations and charge distributions of the terminal substituents are most important in determining the dipole moments of these molecules.
The lowest energy structures of PDI-C 6 OH (P1), PDI-C 4 , PDI-C 4 OH and PDI-C 2 morph have the alkyl chains in an extended conformation ( Fig. 7) , in agreement with crystal structures for N-alkyl substituted PDIs [34] . Additionally, PDI-C 6 so that there is no net dipole moment. For PDI-C 2 morph both high symmetry (C 2 ) and low symmetry structures were identified as local minima. However, the C 1 structure (Fig. 7) has one of the morpholine rings twisted relative to the C 2 axis of the molecule and this structure is 2.80 kJ mol -1 lower in energy than the C 2 structure. Naturally, the C 2 structure of PDI-C 2 morph has no net dipole moment. However, in the C 1 structure the twisting of the morpholine ring results in the molecule having an overall dipole moment of 0.486 D, directed at an angle of 30-45° to the plane of the perylene ring. The presence of this conformation within pigment particles will have a substantial effect on NIR absorbance, and accounts for the lower reflectance observed by the PDI-C 2 morph system. The lowest energy conformation of pigment PDI-C 6 H 5 and PDI-C 6 H 4 OH have the phenol substituents perpendicular to the plane of the perylene ring, which is in accord with previously reported [9] aryl substituted PDI structures.
However, the symmetrical nature of these substitutions means that there is no net dipole moment.
One of the limitations of these compounds is their poor solubility in a range of solvents, due to strong intermolecular packing of the pigment molecules. One way to address this is through the addition of bulky substituents, to both the bay region of the perylene and the nitrogen of the diimide of PDI. As shown by LG, these may have little effect on the molecular electronic spectrum of the compound but can have a significant effect on the vibrational spectrum, particularly in the high frequency region.
Conclusions
Experimental measurements reveal that the order of reflectance (and measured relative reflectance values) at 6000 cm -1 for selected perylene based pigments is as follows:
Theoretical calculations combined with these experimental measurements have enabled interpretation of the absorption spectra of these pigments and provided a basis for understanding the variations in near-infrared (NIR) reflectance.
Derivatisation of perylene to perylene-3,4:9,10-tetracarboxylic dianhydride (PTCA) and perylene-3,4:9,10-tetracarboxylic diimide (PDI) leads to an extension of the π-aromatic system resulting in a decrease in the energy gap (E H-L ) between frontier orbitals. Consequently, there is a bathochromic shift of UV/Vis absorption maxima towards the NIR region.
Substitution at the nitrogen of PDI generally has only an inductive effect on the π-aromatic system, leading to minor shifts in the UV/Vis spectra. However, these trends are insufficient to account for the observed variations in NIR reflectance.
Infrared spectra reveal the presence of a number of high-frequency fundamental vibrations that have overtones and combination modes in the NIR region. However, the number and strength of these high-order modes is functional group dependant. Aromatic groups lead to a small number of intense NIR bands, while alkyl groups generally lead to a greater number of less intense NIR bands. The intensity of the bands can be related to the anharmonicity of the fundamental vibrations, the force constants and change in dipole moment of the vibrating bonds. However, neighbouring group effects and/or a molecular dipole moment can substantially alter the intensity of these bands. These results lead us to the conclusion that to achieve high reflectance/low absorbance in the NIR region, it is necessary to use pigments that have a minimal number of functional groups with high-frequency fundamental vibrations, and sufficient symmetry so as to ensure that the molecules have no net dipole moment, as is found in PTCA. 
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-Near infrared reflectivity was measured for a series of perylene pigments -Significant variations were observed in the NIR refelectivity across the series -Absorption characteristics were related to electronic and vibrational properties -Anharmonicity, force constants and dipole moment are important factors
